Solar radio type V bursts were classified as a special spectral class based on their moderately long duration, wide bandwidth, and sense of polarization opposite of associated type III bursts. However, type V bursts are also closely related to the preceding type III bursts. They have an approximately equal source height and the same dispersion of position with frequency. Electron cyclotron maser (ECM) instability driven by beam electrons has been used to explain type III bursts in recent years. We propose ECM emission as the physical process of type V solar radio bursts. According to the observed properties of type V and III bursts, we propose that energetic electrons in excited type V continuum are trapped in coronal loops, which are adjacent to the open field lines traced by type III electrons. With the proposed magnetic field configuration and the ECM emission mechanism, the observed properties of type V bursts, such as long duration, wide bandwidth, and opposite sense of polarization can be reasonably explained by our model.
INTRODUCTION
Type V solar bursts, appearing as diffuse continua on dynamic spectrograms, were first classified as a special spectral class by Wild et al. (1959b) . Comprehensive studies of type V bursts were made by Weiss & Stewart (1965) and Robinson (1977) . The most extensive study of the source position and polarization of type V bursts was done by Dulk et al. (1980) . Wild et al. (1959a) presented a full description of the characteristics of type V bursts and first proposed that the synchrotron radiation from relativistic electrons is responsible for the burst. Numerical calculations indicate that in order to account for the high intensity of type V continuum, the model of Wild et al. (1959a) requires about 3 × 10 33 electrons with energies above 2 MeV, and a source size of nearly the solar disk (Weiss & Stewart 1965; Robinson 1978) . Subsequent observations suggest that fast electrons with such high energies and large sizes of sources are unlikely (Robinson 1978) . After a comprehensive study of type V bursts, Weiss & Stewart (1965) rejected the synchrotron radiation and put forward plasma radiation as the emission process of type V bursts. They proposed that the fast electrons are trapped in the coronal loops and the duration of the type V burst is determined by the collisional losses (Weiss & Stewart 1965; Robinson 1978) . This model was studied further by Zheleznyakov & Zaitsev (1968) , and they found that a counter electron beam can be set up under special circumstances in the loops, resulting in counter Langmuir waves. The opposite plasma waves are effectively converted to electromagnetic radiation at a frequency ω 2ω L .
According to plasma emission theory, the effects of ambient magnetic field on the emission process can be ignored. Astrophysical observations demonstrate that type III and V solar bursts, as well as several other types of radio bursts, are indeed excited near the active regions (Suzuki & Dulk 1985; Poquerusse & McIntosh 1995; Wu et al. 2002) . Therefore, the assumption of very weak ambient magnetic fields of the source region is inappropriate for the emissions taking place near an active region where the electrons are strongly magnetized. Wu et al. (2002) proposed electron cyclotron maser (ECM) emission as an alternative scenario for solar radio type III bursts. Winglee & Dulk (1986a) proposed that the type V continua result from the coalescence of hybrid waves driven by the ECM instability, but type III bursts are produced by the plasma emission process. Wu et al. (2000 Wu et al. ( , 2002 propose that type V and III bursts may result from the same physical processes since the two phenomena are closely associated.
Type V bursts have a close similarity with the early flare continuum (FCE), a sub-class of type IV. Like type V bursts, the FCE is continuum radiation, usually in association with type III bursts, typically has low polarization, and has a dispersion of height with frequency (Robinson 1985) . ECM instability was proposed for interpreting the coherent emission mechanism of type IV bursts (Winglee & Dulk 1986b; Wang 2004; Treumann 2006) . The fine structures of type IV bursts like pulsation (Aschwanden & Benz 1988) and zebra patterns (Chernov et al. 1998; LaBelle et al. 2003; Kuznetsov & Tsap 2007; Treumann et al. 2011 ) also have been explained by ECM emissions. The energetic electrons, which are responsible for type IV bursts, and the fine structure trapped in a coronal loop have a losscone distribution. In view of the close similarity with type IV bursts and the close association with type III bursts, we propose that solar radio type V bursts are excited by the same coherent radiation, i.e., the ECM instability.
From the previous literature, we summarize the observed characteristics of type V bursts which are important to the present study.
1. Type V continuum is preceded by type III bursts or burst groups. 2. There is a dispersion of source heights with frequency, which is similar to the associated type III (Robinson 1977; Dulk et al. 1980 ). On average, type V bursts are located at the same height as the preceding type III bursts. However, type V sources are usually displaced from type III source by a few tenths of a solar radius or more (Weiss & Stewart 1965; Labrum & Duncan 1974; Robinson 1977; Dulk et al. 1980 ). 3. The source size of type V radiation is generally larger than that of type III, and increases greatly as frequency decreases, from ∼10 at 80 MHz to ∼17 at 43 MHz (Robinson 1977; Dulk et al. 1980 ). 4. The high-frequency limit of type V bursts is about 120 MHz, and it occasionally extends to ∼200 MHz (Dulk et al. 1980 ). The low-frequency limit is unknown and type V radiation has not been reported at a frequency lower than 1 MHz. The excitation bandwidth is usually about 100 MHz or more (Weiss & Stewart 1965) . 5. The duration of type V bursts increases with decreasing frequency, with an average range from ∼40 s at 200 MHz to ∼200 s at 20 MHz (Dulk et al. 1980) . The approximate relation τ ∼ 500f −1/2 was proposed by Weiss & Stewart (1965) , where τ and f are in units of seconds and megahertz, respectively. 6. The degree of circular polarization of type V emission is low (Dulk et al. 1980) . When type V bursts have a measurable polarization, they usually have the opposite sense from that of type III bursts (Winglee & Dulk 1986a) . The larger displacements between type V sources and type III sources tend to be associated with polarization reversals (Dulk et al. 1980 ).
The observed characteristics of type V bursts, which correlate with those of the preceding type III bursts, are important to structure the magnetic field configuration in source regions of type V and type III bursts. The magnetic field configuration of the coronal arches in our model for the type V continuum is similar to that presented by Weiss & Stewart (1965) . The peculiar characteristics of type V bursts can be reasonably explained with our model. In Section 2 we introduce the source region configuration. Then, the ECM instability excited by power-law electrons is described in Section 3. In Section 4 we present the explanations for the features of type V radiation. Finally, our summary and conclusions are presented in Section 5.
THE MODEL FOR TYPE V BURSTS
The type V continuum, as mention in Section 1, usually follows certain type III bursts or burst groups. The observed features of type V radiation and the preceding type III bursts are spectrally correlated in many aspects. Thus, we may hold that the type V bursts have the same coherent emission mechanism as that of the associated type III bursts. Considering these premises, we propose the configuration of source region as follows (Figure 1 ).
1. The type V and preceding type III bursts are excited by the energetic electrons with velocities ∼(1/3c) originated from a common acceleration site, which synchronously connects to the open field lines and to the re-entrant loops. 2. In the corona, a small magnetic field variation in the transverse direction can lead to a large, lateral density variation and form the density corrugation because of the very low plasma beta. White-light coronagraphs and soft Xray observations show that such underdense and overdense flux tubes extend over a large distance in the solar corona . Part of the energetic electrons propagate along the open field lines and enter into a density-depleted duct, i.e., the underdense flux tube. These electrons drive the maser instability and give rise to type III bursts . 3. The remaining energetic electrons are guided along one leg embedding in the acceleration site and are trapped in the arcuation due to the mirror effect. These trapped electrons can excite cyclotron maser emission and produce type V continuum. 4. According to Robinson (1977) , the source size decrease from 300 arcmin 2 to 105 arcmin 2 when frequency increases from 43 MHz to 80 MHz. This imply that the horizontal length of loop is in the order of 10 5 km. The energetic electrons with (1/3c) ejected from the acceleration site will fill the loop in several seconds. These energetic electrons trapped at different heights in the loop excite maser emission simultaneously and produce the broadband type V radiation.
EXCITATION OF MASER EMISSION BY POWER-LAW ELECTRONS
In recent years, ECM emission has been proposed as an alternative explanation for the solar radio type III bursts Chen et al. 2002; Yoon et al. 2002) . We propose that the following type V solar bursts are also excited by the same coherent mechanism. Hard X-ray observations demonstrate that the energetic electrons, which are responsible for ECM instability, usually have an approximate power-law distribution with a lower energy cutoff (Lin 1974; Stupp 2000; Aschwanden 2002) , and the spectrum index typically α = 3 and is in the range of 2 ∼ 6 (Stupp 2000) . In general, it is very difficult to determine the special form of the lower energy cutoff behavior based on observations. With the lower energy cutoff behavior described by a hyperbolic tangent function, Wu & Tang (2008) fitted the more general power-law spectrum. They also show that the general lower energy cutoff behavior can efficiently drive the ECM instability even if the electrons have an isotropic distribution. However, energetic electrons trapped in a coronal loop above the active region usually exhibit anisotropic distribution in the velocity space. In this paper, we propose the following form for the energetic electrons:
Here u = (u 2 ⊥ + u 2 ) 1/2 , u describes the momentum per unit mass, u ⊥ and u denote the components of u perpendicular and parallel to the ambient magnetic field, respectively. Parameter μ = u /u, and Θ(μ) is the Heaviside step function, when 0 < μ 1, Θ(μ) = 1 and when −1 μ < 0, Θ(μ) = 0. α is the spectrum index of power-law electrons, δ is the steepness index, and E c = (1/2)mu 2 c denote the cutoff energy. Parameter σ is the magnetic mirror ratio, A is the normalization factor.
According to the cold-plasma theory, the dispersion relation of high-frequency electromagnet emission can given by Chen et al. 2002) :
here,
The temporal growth rate of the ECM instability, with frequency ω sω ce , is given by the following form Chen et al. 2002) :
Here,
Above, q = + and q = − denote the O and X modes, respectively. n b and n 0 are the electron number densities of the energetic electrons and ambient plasma. N q is the refractive index of the excited wave, ω p and ω ce represent the plasma frequency and electron cyclotron frequency, respectively. J s (b q ) is the Bessel function. γ = 1 + (u/c) 2 is the Lorentz factor. Parameter θ is the wave phase angle with respect to the ambient magnetic field.
With the distribution F b (μ, u) given by Equation (1), the growth rate of the emission wave in the O and X modes can be calculated based on Equation (2). For given parameters (δ, α, and u c ) of energetic electrons and magneto-plasma parameters (Ω and σ ) in the source region, the growth rate depends on two variables (ω, θ). Here Ω is the electron cyclotron frequency normalized by ω p . All the growth rates are normalized by the factor ω ce n b /n 0 . Figure 2 is the peak growth rates determined by varying the frequency ω for a given θ . Panels O1 and X2 are the fundamental wave in the O mode and the harmonic wave in the X mode, respectively. The three curves correspond to different steepness indices δ = 4, 5, and 6. Here the spectrum index α = 3, u c = 0.3c. According to the density duct model of Wu et al. (2002) , σ = 5 and the frequency ratio Ω = 3 have been used. From Figure 2 , one can find that the growth rates all increase with the steepness index δ. This implies that steepness cutoff behavior (i.e., δ > α; see Wu & Tang 2008 ) with a positive slope indeed can excite the ECM instability efficiently. Figure 3(a) shows the maximum growth rates as a function of frequency ratio Ω. Figure 3(b) is the relation between the maximum growth rates and σ . The maximum growth rates mean the highest value in both ω and θ . Here, spectrum index α = 3, steepness index δ = 6, and u c = 0.3c have been used. The 
DISCUSSIONS AND EXPLANATIONS OF TYPE V BURSTS
Solar flares and other similar phenomena taking place near active regions are usually accompanied by loop structures in the corona. It is beyond any doubt that these loop structures are associated with the solar magnetic fields (De Jager 1959; Bruzek & Kuperus 1972; Syrovatskii 1982 ). An apparent feature of the loop structures is their monotonous rise, i.e., successive appearance at greater and greater heights. Under some conditions, this rise can be very quick and generate the transients and coronal holes, which link to unipolar concentrations of open magnetic field lines (Schmahl & Hildner 1978; Syrovatskii 1982) . Also, the adequate acceleration site and diverging field lines are common features of active regions (Weiss & Stewart 1965 ). Therefore the magnetic field configuration that the coronal loops are adjacent to the open magnetic field lines can be regarded as common.
Duration of Type V Bursts
One of the basic differences between type V and III bursts is that type V bursts have a longer duration than type III events. On the dynamic spectrograms, type III bursts appear to rapidly drift from high to low frequencies, and type V bursts appear as diffuse continua. We expect that the type III bursts are produced by the energetic electrons which propagate along the open field lines, and type V continua are driven by the electrons trapped in the loop structures adjacent to the open field lines. As mentioned in Section 2, the energetic electrons inject and fill the loop in a few seconds or less. Once trapped, the source electrons will oscillate in the loop structures and lose their energy mainly by Coulomb collisions with the ambient plasma. The duration of type V continuum can be determined by the length of time for which the energetic electrons remain trapped and are able to excite maser emission.
There are four relaxation processes: the slowing down, the transverse diffusion, the parallel diffusion, and the energy loss process, which arise when a beam of energetic electrons interact with the coronal plasma in the loop. In the same limits, the energy relaxation rate ν issues from the identity (Huba 2009 )
in addition to the case of fast electrons or fast ions scattered by ions. Here ν s , ν ⊥ , and ν denote the slowing down rate, transverse diffusion rate, and parallel diffusion rate, respectively. The expressions for each rate is given below in the fast limit as the test electrons with velocities ∼ (c/3) (Huba 2009 2.1 × 10
The superscripts e/e and e/i denote the electron-electron and electron-ion interactions, respectively. All the rates are in units of s −1 . The energy of test electrons and coronal plasma temperatures T are both in units of eV. Parameters ξ and Z are the ratio of ion mass to proton mass and ion charge state, respectively.
We assume that the coronal plasma consists of electrons and hydrogen ions. Therefore, the densities of electrons and ions are equal, i.e., n e = n i . We also have parameters ξ = m i /m p 1 and Z = 1. Taking the energy of source electrons = 25 keV, the temperature of coronal plasma T = 100 eV, and the Coulomb logarithm λ ee = λ ei = 20, the energy loss rate ν can be estimated as ν ∼ 3.946 × 10 −3 s −1 , ν ∼ 7.892 × 10 −3 s −1 , and ν ∼ 1.973×10 −2 s −1 which correspond to n e = 10 8 cm −3 , 2 × 10 8 cm −3 , and 5 × 10 8 cm −3 , respectively. From t D = 1/ν , we obtain the lifetime of source electrons t D 250, 120, and 50 s for different densities of plasma. These lifetimes are of the correct order for type V continuum.
Broadband of Type V Bursts
The type V bursts are typically observed from 40 MHz to 120 MHz (Weiss & Stewart 1965) . The highest frequency of type V radiation, i.e., the starting frequency, is usually about 120 MHz, although it ranges from 200 MHz to 40 MHz (Weiss & Stewart 1965 ). The low-frequency limit of type V radiation often extends to the lowest recorded frequency (Weiss & Stewart 1965; Dulk et al. 1980) . The excitation bandwidth of type V bursts is normally larger than that of type III bursts, usually about 100 MHz, and occasionally it can be wider than 160 MHz (Weiss & Stewart 1965) . Weiss & Stewart (1965) excluded the cyclotron maser emission as a possible emission model of type V bursts because the narrow natural bandwidth of an ECM emission cannot account for the large bandwidth of type V radiation. Based on the proposed model of the magnetic field configuration for the type V source region, the ECM emission mechanism can provide an explanation for the wide bandwidth.
The source electrons ejected from the acceleration site are initially guided along the closed field lines and then trapped in the loops. The incident electrons with different pitch angles reflect at different mirror points, and they will consequently fill part of the loop between their respective mirror points in several seconds. It is suggested that these source electrons trapped at different heights drive maser instability simultaneously and produce the type V continuum. Weiss & Stewart (1965) investigated the spectral characteristics of 59 type V bursts, the average bandwidths of these bursts are ∼100 MHz. The starting frequency for the six bursts with largest bandwidths is 200 MHz. However, for about half of the 59 bursts, the starting frequency is ∼120 MHz and the ending frequency is lower than 40 or 25 MHz, possibly closer to 10 MHz. According to the height of the cyclotron maser emissions source near an active region at frequency f (in units of (Zhao 1995; Wu et al. 2007 ), one can estimate the radial height of the loop. Here the magnetic field of an active region is assumed to be a vertical dipole with a depth D below the photosphere. B 0 (in units of kG) is the magnetic field strength on the photosphere. Taking the depth D ∼ 3.5×10 4 km, the field strength B 0 ∼ 1.5 kG, the maximum radial size of the loop which fill with energetic electrons, i.e., the radial source size of type V bursts H max 2.08 × 10 5 km. Observations demonstrate that the loop structures extend from the photosphere and the chromosphere through the corona and up to the order of solar radius (Sheeley & Colub 1979; Bruzek & Kuperus 1972; Riddle 1970; Sakurai 1973; Stewart & Vorpahl 1977; Syrovatskii 1982) . This provides an adequate source site for the trapped electrons to excite the wide bandwidth type V bursts. Wild et al. (1959a) reported their preliminary finding that type V bursts are usually polarized. Weiss & Stewart (1965) conducted an extensive study and found that type V bursts are, at most, only weakly polarized. Dulk et al. (1980) concentrated their study on the polarization and position of type V solar bursts. The major discovery of their study is that more than 60% of type V bursts have the opposite sense of polarization to that of the preceding type III bursts. While only two of the 41 events showed the same sense of polarization as the type IIIs, the rest of the events have either a mixture of both senses or zero polarization (Dulk et al. 1980) . Type V bursts have a lower degree of polarization, often about 0.1. They also found that the large distance between the sources of type V and III bursts tend to be associated with polarization reversals. They proposed three possible reasons, based on the plasma emission mechanism, to explain the polarization reversal: (1) the magnetic field direction of type V sources is opposite to that of type III sources, (2) the mode coupling of type III is stronger than that of type V bursts, and (3) the emission mode transforms from o-mode in type III to x-mode in type V bursts.
Polarization of Type V Bursts
Based on the proposed model for the physical state of the source region above the active region, the polarization reversal of type V bursts can be explained by the opposite magnetic field direction of a type V source to a type III source. Type V bursts generally appear as broadband diffuse that immediately follow a type III emission, which implies that type V bursts are closely associated with type III bursts. Therefore, we propose cyclotron maser emission driven by energetic electrons as the same emission model for type III and V bursts. The change from a strong mode coupling to a weak one can be excluded as a possible explanation for the polarization reversal. Since type V and the associated type III bursts are excited by the energetic electrons originating from a common acceleration site, and have similar source heights in the same active region, we expect that the two bursts have the same predominant radiation mode. In our model, the reversal of polarization occurs because the magnetic field direction of type III sources is predominantly opposite to that of type V sources. Three different possible positions of type V sources in the loop, as show in Figure 4 , may correspond to three different polarization senses.
Figure 4(a) shows the first possible case of source position of type V bursts in the loop. The center of type V sources is left-asymmetric, and the direction of the magnetic fields in type V sources is roughly consistent with that of type III sources. Consequently, the type V bursts coming from such sources have the same sense of polarization with the preceding type III bursts. When the source lies on top of a loop and is nearly symmetric (Figure 4(b) ), the type V bursts will show a mixture of both senses of polarization or zero polarization. In the last case, as show in Figure 4 (c), the source position in the loop is rightasymmetric. Thus the magnetic field direction of a type V source is predominantly opposite to that of the type III source. That is why type V bursts have a sense of polarization opposite from that of the preceding type III bursts. Figure 4 also intuitively explains why the larger displacements of type V sources to type III sources tend to associate with polarization reversals.
SUMMARY AND CONCLUSIONS
Type V continuum usually associates with type III bursts, but have a wider spectra and a longer duration (a few minutes) than the preceding type III bursts. The most prominent property is that type V bursts frequently have the opposite sense of polarization from that of type III bursts. Type V bursts have a close association with flare continuum (type IV bursts). They both appear as continuum on dynamic spectrograms, associate with type III bursts, and have a low degree of polarization. The flare continuum always associates with microwave radiation and has a longer duration than that of type V bursts. In fact, when flare continuum has a moderate duration (3 or 4 min.) and a weak association with microwave radiation, it is difficult to make the distinction between type V bursts and flare continuum. This close similarity between type V and IV bursts, and the close association between type V and III bursts suggests they have a similar emission mechanism. Based on the model that the energetic elections, which are responsible for the type V and the preceding type III bursts, have a common origin and similar speeds, we have shown that the cyclotron maser emission driven by these energetic electrons, trapped in the loop, can account for many of the observational characteristics of type V radiation. In our model, the trapped energetic electrons which excite type V continuum have a power-law energy distribution. The duration of type V radiation is determined by the length of time for which the power-law electrons remain trapped and have an adequate free energy to drive maser instability. We examined the energy loss rate and found the lengths of time are just the correct order for type V bursts.
Based on the cyclotron maser emission mechanism, the magnetic field above an active region, and the bandwidth of type V bursts, we estimated that the radial source size of type V bursts is about several 10 5 km. Observations demonstrate that the loop structures have an adequate source site where the energetic electrons are trapped, simultaneously excite maser emission, and produce the type V bursts with a wide spectra.
We proposed three possible positions of type V sources in a loop structure relative to that of type III bursts. The polarization reversal from type III to type V bursts is due to the opposite magnetic field direction in the type III and type V sources. The proposed model also gives an intuitionist interpretation for the polarization reversals that tend to associate with larger displacements.
Type V bursts following interplanetary type III bursts have been observed with WIND spacecraft in interplanetary space (Mann et al. 1999; Wu et al. 2004; Nitta & DeRosa 2008; Gopalswamy & Mäkelä 2011) . Among the interplanetary coronal mass ejections, there is a subset called magnetic clouds (MCs; Nakwacki et al. 2011) . MCs are formed by the large scale magnetic flux ropes which group magnetic field lines together (Nakwacki et al. 2011; Howard & DeForest 2012) . The origins of these flux ropes structures are believed to be at or near the Sun (Howard & DeForest 2012) . We should therefore admit the possibility that the interplanetary type V bursts have a similar magnetic configuration to our model. ECM instability driven by energetic electrons, which are trapped in the MCs, is a possible mechanism for interplanetary type V bursts. This work has been supported by NSFC under grant 11303082, 11373070 and 11103044, by West Light Foundation of CAS (No. XBBS201223) and by Key Laboratory of Solar Activity at National Astronomical Observatories, CAS.
